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Neutrinos come In three flavors

electron tau muon

When an X is produced an X neutrino comes with it:
n—p+e + Ve

When an X neutrino interacts it produces an X:
Ve + T —> D+ €



Neutrinos change flavor
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TwoO neutrino oscillation

Neutrino oscillations are due to a mismatch between
the neutrino’s mass eigenstate and flavor eigenstate
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A “rotation” matrix between mass and flavor describes this:

Vg, cosf) sinb 1

V3 —sinf cosf /) \vs

A neutrino created as flavor a can be observed sometime later as a neutrino of flavor 3.



Ihe neutrino oscillation picture

Atmospheric neutrinos
Solar neutrinos
Accelerator neutrinos
Reactor neutrinos

Well established
osclllations

[ I (m3)2

* Almost all of the oscillation results fit nicely

Y
within the three neutrino picture (two mass A}y, o
splittings and three mixing angles). '
H v

 Neutrinos from different sources are
oscillating according to the same rulebook! _ l(Am%sol
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Neutrino oscillation Is a big deal

and our goal Is to study it in order
to understand just how big of a deal it is.

Big Bang How does the sun shine?
cosmology

Dark matter?

Why is the universe

made of matter? | Nuclear reactors
Supernova evolution

How are the neutrino 3,4, 5, 6 neutrinos? A hidden sector?
masses ordered?

neutrino=antineutrino? .
Do neutrinos obey

. fundamental symmetries?
Heavy element formation
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How to probe neutrino oscillations”

1. Make a lot of neutrinos.
2. Count them.

3. Compare to how many you expected.
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How to probe neutrino oscillations”

e.qg. for measuring neutrino CP violation

1. Make a lot of neutrinos.
2. Count them.

3. Compare to how many you expected.
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Sources of neutrinos

Supernova 1987A Rings

Hubble Space Telescope
Wide Field Planetary Camera 2
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Accelerators (e.g. Fermilab

, 3 “;7?,“)

v i Y ST
oy s Mals 7389
7@4’" LA




Creating a neutrino beam

Target muon (1)
pion (1) oo Vi
Protons — — sl
=1 == —_ =8 8 v,
Horn 1 Horn 2 i VU

Neutrino beam 77 — uty,
Antineutrino beam = — u 7,
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Creating a neutrino beam
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How to probe neutrino oscillations”

1. Make a lot of neutrinos.

2. Count them.

3. Compare to how many you expected.
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Liquid Argon Time Projection Chamber

Wire planes

Liquid argon

..]..neutrino ‘o

: /




Liquid Argon Time Projection Chamber

Wire planes

Liquid argon

| neutrino




Liquid Argon Time Projection Chamber

Wire planes

lonization

T T T Liquid argon
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Liquid Argon Time Projection Chamber

Wire planes

Induction plane

Time

lonization

T T “ Liquid argon Wire #

Collection plane

Time

Wire #

Wire pulses in time give the dritt
coordinate of the track

induction plane + collection plane + time = 3D image of event (w/ calorimetric info) ‘
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Neutrino event  wioes
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How to probe neutrino oscillations”

1. Make a lot of neutrinos.
2. Count them.

3. Compare to how many you expected.
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A conventional long baseline
oscillation experiment

Compare these ratios

. as a function of ener
V
= > . Oscillation? .
near detector far detector
~100s of m ~100s of km
CP violation in the _ _
Plv, — ve] # Plvy, — Ve] 7

lepton sector?
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The path to neutrino CP violation

The US is pursuing the Long Baseline Neutrino
Experiment (LBNE), featuring an envisioned 34 kiloton
Liquid Argon Time Projection Chamber (LArTPC) tar
detector in an accelerator-based neutrino beam.

There are a lot of challenges along the way.
Going from 0.3 tons to 34 kilotons is pretty hard.

There is also a lot of physics along the way too!!
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The Liquid Scintillator Neutrino Detector anomaly
Antineutrinos from an accelerator seem to appear!

Uy —> Ve !

0.035 F
0.030
0.025
0.020 |

protons 0015

Flux (Arb. units)

0.010 F

0.005 F

0.000 £

Neutrino Energy (MeV)



Beam Excess
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The Liquid Scintillator Neutrino Detector anomaly
Antineutrinos from an accelerator seem to appear!
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The Liquid Scintillator Neutrino Detector anomaly
Antineutrinos from an accelerator seem to appear!

- [ LSND 90% CL S ———————— —
_IIII|I ........ I IIIIII|I ........ I ..... I IIIII1II ..... IIIIII1 .............
10* 103 102 10

AmESND 2 0.2 eV2

« LSND observed 7, — 7, at 3.80
significance with Am2~1 eV=,

 That's odd. There are two
independent mass splittings in the
three neutrino picture and they are
precisely measured.

(> Amarm > Améo,)



The MiniIBooNE anomalies

L — (u) ?
Beamline




Events/MeV

Events/MeV
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The MiniIBooNE anomalies
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The reactor anomaly

Ve —> Uy !
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Reactor antineutrinos seem to
disappear!
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(let's not forget)
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vy disappearance limits
(I\/IlnlBooNE and SClBooNE)
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90% CL limits from CCFR and CDHS
77777/ 90% CL limit from MINOS

: MiniBooNE only 90% CL sensitivity

_ MiniBooNE only 90% CL limit

B i im = 90% CL sensitivity (Sim. fit)

| e 90% CL observed (Sim. fit)

< SLLLLLLELE 90% CL observed (Spec. fit)
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Phys Rev D85 032007 (2012)
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* [here do exist a number of strict
limits on vyu/ve disappearance and Ve
appearance in the relevant region.

* In particular, the lack of observed
muon neutrino/antineutrino
disappearance causes issues when
trying to form a coherent picture of
the sterile neutrino. In all sterile
neutrino scenarios, we expect muon
neutrinos to disappear.



(From the “Jaws” movie set; 3 ™7 n Our best efforts to Kill
| don't think anyone was hurt A N , .
the sterile neutrino

as the shark is not real)

Light sterile neutrino
(or something else \ |
we don't understana )\\‘

“Q




It It exists, what Is the sterile neutrino”

Sterile equals no standard model interactions.

[ ALEPH
30 - :)_I;LPHI
[ OPAL
_ We know the Z boson
= 9 : '
= ] decays into three neutrinos.
& [ e
by factor 10
10
- Z-boson
| width
() M 816 IS | 8l8 el A ‘)10 ek ()12 g 914
E_[GeV]

 (Can participate in oscillations with active flavors.
Ve —+ Vs , Vy — Vs , Vyr — Vs
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Where does it fit?

New neutrino mass state

A

 The observation of neutrino mass implies that
there can be sterile, right-handed neutrinos. So,
his is not unexpected.

Am243~Am2L5ND ~ | e\2 this is not unexp

 This right handed neutrino can either directly
provide a Dirac mass term or it can mediate the
seesaw mechanism.

Am223~Am2atm * Alight sterile neutrino would have profound

— ] effects on:
Am2|2~Am250|ar . Lo :
— — * Radiation density in the early universe.
(not to scale) * Supernova evolution.

e Possible warm dark matter candidate?

N N » Active neutrino oscillations and particle
Ve Vg

nysics in general.
V.V pny g



Present status
of the light sterile neutrino

* A number of experiments hint at a new neutrino mass
eigenstate around 1 eV

* A definitive probe of this parameter space Is necessary.

* |t would be great if the solution we develop could be
used toward the future of the field.
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"How do you know Iit's a sterile
neutrino, It it's anything at all?”

 We don't. But, if we want to figure out what (if anything)
IS going on, we need to probe the parameter space.

 Parameter space can be defined here as:
(Am?Z, sin220) and/or (L, Ev) and/or (Ev).

* All spaces are interesting and, even in the absence of
a sterile neutrino, can teach us about neutrinos for the
future of the field!
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Probing the parameter space, in (Am2, sin2206)

(hypothesis: anomalies may be
due to one or more sterile neutrinos)
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Probing the parameter space, in (L,E)

(hypothesis: anomalies may be due
to Lorentz violation or something else exotic)
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Unconventional energy
dependent oscillation behavior
(mixing due to more than just
mass) is expected in a number
of exotic scenarios.

Maybe we have just 3 neutrinos
and some other (profound)
physics is taking place!



Events/MeV

Events/MeV

Probing the parameter space, in (Ey)

(hypothesis: anomalies may be due to lack of neutrino
interaction understanding, an underestimated background,
energy reconstruction issues, or some other systematic)
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The future of the
accelerator-based
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a “super shark”, capable of living in 87 K

)
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How to probe neutrino oscillations”

1. Make a lot of neutrinos™.
2. Count them.

3. Compare to how many you expected.
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How to probe neutrino oscillations”

1. Make a lot of neutrinos™.
2. Count them.

3. Compare to how many you expected.

*Choose a smart baseline (L) and energy (E) so that you are
probing the relevant oscillation parameter space (Amz, 0).

Po—p.a48 = Sin2(29) sin” (1.267 T oVZkm

L ! m
°9 F ™ Mev

Am?L GeV )

probes Am? ~1 eV?




Reactor

Concept: put a detector very close to a reactor

Considerations: Ve —> Uy !

* PSD can be used to differentiate
proton recoil from signal positron. ™.

* Reactor-off data and overburden
can help with nature-induced bkgd.

e Fast neutron background -

X

e Reactor-induced neutrons are
difficult to account for.

e Compact core is optimal. 7
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Source

Concept: put a hot (MCi-scale) source inside or near a
planned or existing low-E neutrino detector

Considerations:

e Source production, transport, and
handling.

e Source inside detector is optimal but
challenging.

* Vertex and energy resolution are key.
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Accelerator decay-in-tlight

), =0y 7

| A S 7
Beamline

.
-

Considerations:

o Flux (intrinsic electron contamination and absolute normalization) is
hard to determine. A near detector helps.

o Strong background ID (e.g. neutral current events that look like
signal) requires advanced tech.

 Need a big tfar detector. LSND best fit osc. probability is ~0.001.
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MicroBooNE

» MicroBooNE is a 90 ton LArTPC at FNAL's Booster
Neutrino Beamline. First data is in 2015!

e Along with vital neutrino cross section measurements
and LArTPC R&D, MicroBooNE will definitively address
the MiniBooNE low-E excess, which may be related to a
sterile neutrino.

* Represents the first step in a phased LAr-based program
at FNAL to address the sterile neutrino definitively.




(For the uninitiated, this is a quote from “Jaws”)
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LAr1-ND MicroBooNE ICARUS (T150+T600)

Combining forces!
/ \

An international program at Fermilab’s BNB (and NuMI off-axis)
likely featuring three detectors by 2018:
near, MicroBooNE at mid-distance, and far.

Updates:

The WA104 R&D activity at CERN is approved and will rebuild the T600 and
prepare it for beam at FNAL.

The approved T-1053 (LAr1-ND) experiment at FNAL will perform needed R&D
and develop the technical design for the LAr1-ND detector.

The MicroBooNE detector will be coming online shortly.



Sensitivity of Triple-LAr @ FNAL
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Accelerator decay-at-rest

(LSND-style)

A S 7
Ve —> Uy !

protons
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OsCSNS

o
T |
3 A proposed LSND-style decay-at-rest experiment at the
=
~ V, 1.4 MW SNS (1 GeV protons on an Hg target).
~ « (Can provide definitive coverage of the sterile neutrino
. region with an 800 ton LS detector, 60 m away.
ABEAM 7
0 500 1000 1500 2000 205 tubes per end cap
Time, nsec
5¢ - 8m diameter by 20.5m long
50_035 f— L cylindrical tank
0.03 S v, (delayed) \
E e v, (delayed)
0.025— — Vu(Prompt)
o.ozi—
0.0152—
0-01;_ Hamamatsu R5912 assumed
0.005— 60 rows (6°) of 54 each PMTs located
C e 14” (.356m) center to center. Tube
00_ — 1'0 —— 2'0 30 4'0 BEE— 5'0 : center located 3.4m radially from

Neutrino energy (MeV) Veto barrier detector tank center line (3240 tubes)



OscSNS seems to solve all of the usual quibbles about LSND
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LSND

OscSNS

Notes

30 m

60 m

Reduced in-beam background

Detector in front of

Detector behind

Reduced in-beam background

beam beam
0.8 MW 1.4 MW
600 pis, 120Hz 695 ns, 60 Hz Redug:gkztreoﬁydﬂtate
798 MeV 1000 MeV
167 ton 800 ton

Lig. scint. w/ 25%
photocoverage

Lig. scint. w/ 25%
photocoverage

Better PMT QE expected in
OscSNS




OscSNS sensitivity
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OscSNS White Paper, arXiv:1307.7097
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JPARC-MLF

* The JPARC-MLF proposed experiment is very similar to OscSNS.
* An eventually 1 MW spallation source, with 3 GeV protons on a Hg target.

* Phased approach with “Phase 1” proposal to put 2x25ton Gd-LS detectors 17 m away
from the source to do an LSND-style experiment.

Calibration Port —— c——1

n-y shield > -------------------------------
Stainless Steel Tank —|—» | | Gd-LS250) |
Black Sheet L (LS Total: 54t)|
u-Veto layer :

Acrylic Vessel 34m

) 34m
PMT with p-metal —] /@ 4

T T
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SN D_Style Detect with:

UeD — €Tn

Backgjround Vu

M. Harada et al,
arXiv:1310.1437 [physics.ins-det]

energy[MeV]
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E‘eCtrOn dlsappearance Detect with:
Ve — Vg ! ve 12C — €7 12Ny,

/

—h
Q

—h
S
w

#v/2MeV_{POT
o

— 300
energy[MeV]

M. Harada et al,
arXiv:1310.1437 [physics.ins-det]



Kaon decay-at-rest
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Detect with:
Vel — € P

ey

M. Harada et al,

arXiv:1310.1437 [physics.ins-det]

éoo
energy[MeV]



Protons

ISODAR

>

p+?Be — 8Li+ 2p

p+°Be » 'B+n
n+ "1i— 8Li+~
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= 81i —» 8Be+ e~ + 7,

Flux

1 1 | 1 1 1 | | | 1 I L 1 | I 1 1 1 | | 1
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Antineutrino energy (MeV)

1 I | | I 1 1 |
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p+°Be » 'B+n
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’1i - %Be+e +7,



p+°Be » 'B+n
n+ "1i— 8Li+~

’1i - %Be+e +7,

Detector

Ve — €

n
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Detector

Ve — €

I

ISODAR

Ve —> Uy !
(3+1) Model with Am? = 1.0 eV? and sin*26=0.1

1.0[}_ L /«\
g 5 / \\ 1
% 0.95_ .f |
. U
3 | \ || 1/
L 0.90 | -+ N/
8 .
085 b
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L/E (m/MeV )

820,000 IBD events in 5 years at KamLAND
(16 m baseline to center of detector)
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ISODAR abillities
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What is the timeline”

e Reactor and source neutrinos

e Significant reactor/gallium anomaly coverage within 5 years.

e Accelerator neutrinos

e Significant LSND/MiniBooNE anomaly coverage within 5 years.

For better or worse, we will be discussing light sterile neutrinos
and the "anomalies” for at least 5 more years. In my opinion, 10 is likely.



Conclusions

- The discovery of a light sterile neutrino would be a
monumental result for particle physics and cosmology.

* The light sterile neutrino issue needs to be resolved.

» A truly definitive resolution is difficult to achieve and will likely
require multiple detectors/experiments.

 Regardless if there is a sterile neutrino or not, a ot of important
physics and R&D can be provided by these experiments.
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